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Sequential glass and melting transitions in semi-crystalline shape memory polymers (SMPs) provide 
great opportunities to design and generate multiple shape-memory effects (SMEs) for practical 
applications. However, the complexly dynamic confinements of coexisting amorphous and crystalline 
phases within the semi-crystalline SMPs are yet fully understood. In this study, an interfacial 
confinement model is formulated to describe dynamic relaxation and shape memory behavior in the 
semi-crystalline SMPs undergoing sequential phase/state transitions. A confinement entropy model is 
firstly established to describe the glass transition behavior of amorphous phase within the SMPs based 
on the free volume theory, where the free volume is critically confined by the crystalline phase. An 
extended Avrami model is then formulated using the frozen volume theory to characterize the melting 
and crystallization transitions of the crystalline phase in the SMPs, whose interfacial confinement with 
the amorphous phase has been identified as the driving force for the supercooled regime. Furthermore, 
an extended Maxwell model is formulated to describe the effect of dynamic confinement of two phases 
on the multiple SMEs and shape recovery behaviors in the semi-crystalline SMPs. Finally, 
effectiveness of the newly proposed model is verified using the experimental data reported in the 
literature. This study aims to provide a new methodology for the dynamic confinements and 
cooperative principles in the semi-crystalline SMP towards multiple SMEs. 
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Nomenclature 
pj The probability of an amorphous phase to relax 
pe and pv 
The probability of the amorphous phase to obtain sufficient 
activation energy to overcome the energy barrier and enough 
free volume available to jump, respectively 
t Time 
T Temperature 
T0 The initial temperature 
Tm The melting temperature 
 
The melting temperature of infinite crystal 
Tc The crystallizing temperature 
T  Heating rate 
Fa Activation energy 
R The molar gas constant 
Vf The free volume 
V0 The volume occupied by the amorphous phase 
Va 
The volume occupied by the amorphous phase and the free 
volume 
Vc The volume for crystalline phase 
αg and αr 
The thermal expansion coefficients of amorphous phase in 
glassy and rubbery states, respectively 
s* 
The maximum conformational entropy of 1 mol amorphous 
phase 
Sc The conformational entropy of 1 mol amorphous phase 
Δμ  The average activation energy of 1 mol amorphous phase 
Sd Disorientation entropy 
Sce Confinement entropy 
Si Interfacial entropy 
Smix Mixing entropy 
φa and φc 
The volume fractions of amorphous and crystalline phases, 
respectively 
ra and rc 
The molar volume ratios of amorphous and crystalline phases, 
respectively 
Rc and r0  
The radii of the crystalline phase and semi-crystalline chain, 
respectively 
γi 
The proportionality constant of the interfacial interaction 
between amorphous and crystalline phases 
γe The free energy of interfacial melt-crystal phase 
z The lattice coordination number 
a  The phase evolution function of amorphous phase 
 
The volume evolution function of crystalline phase 
εs,a and εpre,a 
The stored strain and pre-stored strain of amorphous phase, 
respectively 
εs,c and εpre,c 
The stored strain and pre-stored strain of crystalline phase, 
respectively 
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εs and εs0 
The stored strain and pre-stored strain of semi-crystalline, 
respectively 
Kmax The kinetic parameter of the melting transition 
lc The dimension of the single crystal 
ΔHf The fusion heat 
Ea(T) and Ec(T) 
The storage moduli of the amorphous and crystalline phases 
in a semi-crystalline SMP, respectively 
Ea0 and Ec0 
The initial storage modulus of the amorphous and crystalline 
phases in a semi-crystalline SMP, respectively 
na and nc 
The numbers of the glass and melting transitions in the semi-
crystalline SMP, respectively 
i and j  
i represents the ith glass transition of the amorphous phase, j 
represents the jth melting transition of the crystalline phase 
ta,i and tc,j 
The starting times of the ith glass transition and jth melting 
transition, respectively 
τ0,a,i and τ0,c,j 
The relaxation times of the ith glass transition of amorphous 
transition and jth melting transition, respectively 
A0, m,  and D The material constants 
 
1.   Introduction 
Shape memory polymer (SMP) is one of the most popular stimulus-responsive materials 
which have capabilities of regaining their permanent shapes after deformation only when 
exposed to external stimuli [Fang et al., 2015], such as heat, solvent, light, electric or 
magnetic fields [Cho et al., 2005; Huang et al., 2020; Hu et al., 2021; Ji et al, 2017; Lu et 
al., 2011; Yang et al., 2004]. The shape memory effect (SME) in most SMPs can be 
triggered by heating them above their either glass or melting transition temperatures [Meng 
et al., 2013]. The capability of SMPs to recover to original shapes from their pre-deformed 
shapes, in responses to the proper stimuli, gives rise to a great number of practical 
applications in actuators [Wang et al., 2012; Zhang et al., 2019], textile [Vili et al., 2007], 
deployable structures [Santo et al., 2012] and biomedical devices [Ortega et al., 2013]. 
Compared with the conventional SMPs which are based on only glass transition 
temperature (Tg) or melting transition temperature (Tm) with a narrow range (typically≤30 
K) [Xie, 2010], semi-crystalline SMPs could have two or more distinct thermal transitions 
over a large temperature range (typically ≥ 80 K) because of their coexisting amorphous 
and crystalline phases [Zhou et al., 2018]. Their multiple glass and melting transitions 
expand the width of shape memory transition temperature region and enable their multiple 
SMEs [Bellin et al., 2006; Qin et al., 2009]. In terms of thermodynamics, the SME of the 
amorphous phase in the semi-crystalline SMP is originated from its relaxation behavior 
[Fang et al., 2018; Zheng et al., 2021] which is essentially determined by the free volume 
of SMP [Hamonic et al., 2014; Jäckle, 1986; Scalet et al., 2018]. On the other hand, 
dynamic melting transition of the crystalline phase is significantly influenced by the 
interfacial confinements between the amorphous and crystalline phases [Hui et al., 2020; 
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Scalet et al., 2018]. Therefore, both the glass transition and melting transition are 
determined by dynamically interfacial confinements of these two phases [Fang et al., 
2018], which are the key factors taken into consideration for modelling the SME in the 
semi-crystalline SMP [Hamonic et al., 2014; Jäckle, 1986]. However, there are few studies 
carried out on this topic, and its working principle has not been well explored. 
In this paper, we formulate a dynamic confinement model to describe the multiple SMEs 
and thermodynamic characteristics of the semi-crystalline SMPs. Confinement entropy 
[Gibbs et al., 1965; Lee et al., 2010] and free volume theory [Macedo et al., 1965] are 
initially employed to characterize the glass transition of amorphous phase in the semi-
crystalline SMPs, whose dynamic glass transition is confined by the crystalline phase in 
terms of free volume. Then the modified Avrami theory is proposed to explore the working 
principles of melting and crystallization transitions of the crystalline phase in the SMPs, 
whose dynamic melting transition is also confined by the amorphous phase at their 
interfaces [Avrami, 1939]. Furthermore, the multiple SMEs and dynamic behaviors are 
investigated using the newly proposed model based on the Maxwell principles [Dickie, 
1973; Treloar, 2005]. Finally, the analytical results obtained using our new model are 
compared with the experimental data reported in Ref. [Hui et al., 2020; Luo et al., 2010; 
Scalet et al., 2018; Zhou et al., 2018] for verifications. 
2.   Theoretical framework 
 
2.1.   Dynamic confinement of glass transition 
Thermomechanical behavior of the semi-crystalline polymer is critically determined by 
the glass and melting transitions of coexisting amorphous and crystalline phases. 
Therefore, shape memory behavior of the semi-crystalline SMP is essentially dependent 
on the thermodynamics of both glass and melting transitions, which are illustrated in Fig. 
1. Moreover, the shape recovery strain and programming strain during the transitions are 
also shown in Fig.1.When the ambient temperature is higher than the Tg of semi-crystalline 
SMP, its free volume is increased which can trigger the shape memory behavior of the 
amorphous phase. With a further increase in the temperature above the Tm of the crystalline 
phase, its shape memory is triggered. Meanwhile, by decreasing the temperature below the 
Tg and Tm in a sequence, the semi-crystalline SMP can be gradually programmed as its 
temporary shapes. Therefore, a dual-SME has been achieved based on the coexisting 
amorphous and crystalline phases through their sequential glass and melting transitions in 
the semi-crystalline SMP. 
 




Fig. 1. Schematic illustrations of glass and melting transitions of coexisting amorphous and 
crystalline phases in semi-crystalline SMP undergoing dual-SME. 
For the amorphous phase, it needs both activation energy and free volume of the SMP 
for its glass transition. The probability (pj) of an amorphous phase to relax around the Tg 
can be written as [Macedo et al., 1965], 
j e v=p p p                                                           (1) 
where pe is the probability of the amorphous phase to obtain sufficient activation energy to 
overcome the energy barrier, and pv is the probability of the amorphous phase to obtain 
enough free volume available to jump [Macedo et al., 1965]. 









                                                (2) 
where A0 is the material constant, T (K) is the temperature, m is a given coefficient, Fa is 
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the activation energy and R=8.314J/(mol·K) is the molar gas constant. 
pv, the probability of relaxation determined by the free volume (Vf) [Cohen et al., 1959], 
can be obtained based on the Arrhenius equation [Schweizer et al., 2004] and Adam-Gibbs’ 









   − 
−   
   
                                      (3) 
where   is a given numerical factor ( 0.5 1  ) [Cohen et al., 1959], V0 is the volume 
occupied by the amorphous phase, s* is the maximum conformational entropy of 1 mol 
amorphous phase, in which the conformers relax independently [Schweizer et al., 2004], 
Sc is the conformational entropy of 1 mol amorphous phase, in which all the conformers 
relax cooperatively [Schweizer et al., 2004], and Δμ  is the average activation energy of 1 
mol amorphous phase [Schweizer et al., 2004]. 
According to the Doolittle equation [Doolittle et al., 1951; Gibbs et al., 1965], Vf is 






f a 0 0
0
0 g r 0 r g 0
0
exp d 1




V V V V T T
V T T T V T T

    
 = − = −
  
    + + −  − −      

  
           (4) 
where Va is the volume occupied by the amorphous phase and the free volume at the 
temperature of T, T0 is the initial temperature, αg and αr are the volume thermal expansion 
coefficients of amorphous phase in glassy and rubbery states, respectively [Treloar, 2005]. 












  − −
                                         (5) 
Different from the amorphous one, the total volume of semi-crystalline polymer is 
composed of three parts: the free volume ( fV ), the volume occupied by amorphous phase 
(V0) and the volume for crystalline phase (Vc). Here, the pv of semi-crystalline polymer can 
therefore be rewritten as, 








 −   
−   
  
                              (6) 
where Sc is the conformational entropy of 1 mol semi-crystalline polymer. 
In semi-crystalline polymer, four types of conformational entropies should be 
considered [Lee et al., 2010]: disorientation entropy (Sd), confinement entropy (Sce), 
interfacial entropy (Si) and mixing entropy (Smix). Meanwhile, confinement entropy (Sce) 
and interfacial entropy (Si) both are used to restrict the relaxation of amorphous phase, 
while the mixing entropy (Smix) is able to promote the relaxation [Lee et al., 2010; Wang et 
al., 2021], 
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− + −   
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
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 − + 
  
                              (7) 
where φa and φc are the volume fractions of amorphous and crystalline phases, respectively. 
ra and rc are the molar volume ratios of amorphous and crystalline phases, respectively 
[Wang et al., 2021]. Rc and r0 are the radii of the crystalline phase and semi-crystalline 
chain, respectively [Ginzburg, 2005]. γi is the proportionality constant of the interfacial 
interaction between amorphous and crystalline phases [Ginzburg, 2005] and z is the lattice 
coordination number. 
In combination of equations (5) and (7), the conformational entropy (Sc) can be written 
as, 
( )
c a d ce i mix
2*
c c c c





= + + +
4 3
   = exp 1 ln tanh 1
1
      + ln 1 ln ln
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   
  −  
− +   
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−   
= −   
  
    −
  + − −  − −          
 
  −   
 − +          
             (9) 
In combination of equations (1), (2) and (9), the probability of amorphous phase to relax, 








c c c c a







   = exp
4 3
ln tanh 1 exp 1
exp
1





















    −
  + − −  − −          
  
  −   
 − +          
      (10) 
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According to the frozen volume theory [Liu et al., 2006], the phase evolution function 
of amorphous phase ( a ) is determined by the stored strain (εs,a) and pre-stored strain (εpre,a) 








= −                                                 (11) 
By substituting equation (10) into (11), the volume evolution function of amorphous 
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exp
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    −
  + − −  − −          
  
  −   
 − +          
     (12) 
 
Fig. 2. The constitutive relationship of the stored strain of amorphous phase (εs,a) as a 
function of temperature at different volume fractions of crystalline phases of 5%, 10%, 
15% and 20%. 
To identify the dynamic confinement of crystalline phase on the glass transition behavior 
of amorphous phase, the stored strains of the amorphous phase (εs,a) as a function of 
temperature were calculated using equation (12), and the results are plotted in Fig. 2. The 
parameters used in equation (12) are A0=5, m=3.6, Fa=8000 J/mol, s*.Δμ=3020 J/mol 
[Macedo et al., 1965], Rc/r0=0.9 [Wang et al., 2021], γ=γi=0.75 [Wang et al., 2021], z=4 
[Treloar, 2005] and εpre,a=10% [Luo et al., 2010]. It is revealed that the phase transitions of 
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amorphous phase are completed at 322.9 K, 331.4 K, 334.5 K and 336.1 K, with the volume 
fraction of crystalline phase (φc) increased from 5%, 10%, 15% to 20%, respectively. These 
analytical results reveal that the crystalline phase has a significant confinement effect on 
the transition behavior of the amorphous phase. A lower volume fraction of crystalline 
phase is able to achieve a lower Tg of the amorphous phase, due to that the glass transition 
is able to complete at a lower temperature. 
To further verify the dynamic confinement of crystalline phase on the amorphous phase 
in the semi-crystalline SMP, equation (12) was applied to predict the shape recovery 
behavior of DGEBA-NGDE/PCL (DGEBA: diglycidyl ether of bisphenol-A; NGDE: 
neopentyl glycol diglycidyl ether; PCL: poly(ε-caprolactone)) semi-crystalline SMP [Luo 
et al., 2010], where the DGEBA-NGDE and PCL function as amorphous and crystalline 
phases, respectively. Values of parameters used in equation (12) during calculation are 
listed in Table 1, where s*.Δμ=5950J/mol [Macedo et al., 1965], ra/rc=1.1×105, Rc/r0=0.9, 
γ=γi=0.75 [Wang et al., 2021] and z=4 [Treloar, 2005].  
Table 1. Values of parameters used in equation (12) for DGEBA-NGDE/PCL semi-
crystalline SMP. D and N are used to represent the DGEBA and NGDE, respectively. 










D20N80/PCL 1.008 1.005 10.015 0.03259 9.622 29.81 24.73 5.08 
D30N70/PCL 1.150 1.038 9.757 0.03255 9.838 30.30 24.18 6.12 
D40N60/PCL 1.200 1.042 9.618 0.03180 9.952 30.19 22.60 7.59 
As shown in Fig. 3(a), the analytical results obtained using the proposed model are in 
good agreements with the experimental data reported in Ref. [Luo et al., 2010]. The Tg 
value of DGEBA-NGDE/PCL SMP is gradually increased from 302.3 K, 304.6 K to 
314.5K with the volume fraction of DGEBA increased from 20%, 30% to 40%, where the 
stored strain is released from 30% to 25%. This is mainly contributed to the effect of 
DGEBA, whose Tg value is higher than that of NGDE in an amorphous phase, resulting in 
the increase of Tg of DGEBA-NGDE/PCL SMP with an increase in the volume fraction of 
DGEBA. At the same time, the effect of crystalline phase on glass transition of two 
amorphous DGEBA and NGDE phases is not changed, due to that the volume fraction of 
PCL is kept constant. Then, the Tg of DGEBA-NGDE/PCL SMP is enhanced owing to the 
increase in the volume fraction of DGEBA. Fig. 3(b) shows the calculated divergences 
between the analytical and experimental results of the DGEBA-NGDE/PCL SMPs, e.g., 
the correlation index (R2), which are 98.37%, 99.62% and 99.61% for D20N80/PCL, 
D30N70/PCL and D40N60/PCL SMPs, respectively. Clearly, good agreements between 
the analytical and experimental results [Luo et al., 2010] are achieved, where the error ratio 
is limited to 1.5%. 
10     Author’s Names 
 
 
Fig. 3. Analytical results and experimental data [Luo et al., 2010] of stored strain as a 
function of temperature for the DGEBA-NGDE/PCL semi-crystalline SMPs, heating rate 
at about 3 K/min. (a) The stored strain-temperature curves. (b) Divergences of the 
analytical and experimental results. 
2.2.   Melting transition of crystalline phase 
Based on Avrami theory [Avrami, 1939] the frozen volume theory [Liu et al., 2006], the 
volume evolution function of the crystalline phase (𝜙c(𝑇, 𝑡)) has the following relationship 
with the temperature (T) and time (t), 
( ) ( )( )2s,cc max m20
pre,c
4
, = exp exp ln 2 d
t





 −  
= − −  
  
           (13) 
where εs,c and εpre,c are the stored strain and pre-stored strain, respectively, Kmax is the 
kinetic parameter of the melting transition and D is a given constant [Jeziorny et al., 1978]. 
Based on the Gibbs-Thomson model [Hohne, 2002], the Tm is determined by the 










                                               (14) 
where 𝑇m
0  is the melting temperature of infinite crystal, γe is the free energy of interfacial 
melt-crystal phase and ΔHf is the fusion heat [Hohne, 2002]. 
As discussed in Ref. [Mandelkern, 2004], the relationship between Tm and crystallizing 
temperature (Tc) can be obtained as, 
0
m m c2 =T T T+                                                    (15)  










                                             (16) 
In combination of equations (13) and (14), the volume evolution function of crystalline 
phase (𝜙𝑐(𝑇, 𝑡)) can be obtained as follows, 
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    − 
  = − −  
       
          (17) 
Based on the equation (17), we can calculate the stored strain of crystalline phase (εs,c) 
as a function of temperature for the semi-crystalline SMP, and the obtained analytical 
results are shown in Fig. 4. The values of the parameters used in the equation (17) are listed 
in Table 2, where Kmax=0.05, D=18.447 K and εpre,c=25% [Luo et al., 2010]. In the 
calculation, the heating temperature (T) is replaced by the expression: 
0T Tt T= + , where 
T  is heating rate, T0 the initial temperature and t is the time for heating. As presented in 
Fig. 4(a), the analytical results show that the stored strain of crystalline phase (εs,c) is 
gradually decreased with an increase in the temperature. The temperatures of melting 
transition are 305.9 K, 301.9 K, 297.9 K and 293.9 K, with an increase in unit of crystals 
γe from 10.0 mN/m, 12.5 mN/m, 15.0 mN/m to 17.5 mN/m at a given value of lc=8 nm. On 
the other hand, the melting transition are completed at 295.2 K, 301.9 K, 305.9 K and 310.9 
K, with an increase in lc from 6 nm, 8 nm, 10 nm to 12 nm at a given value of γe=12.5 
mN/m, as shown in Fig. 4(b). It is revealed that the free energy of interfacial melt-crystal 
phase (γe) and dimension unit of the single crystal (lc) play essential roles to determine the 
melting transition behavior of crystalline phase.  
Table 2. Values of parameters used in equation (17). 
lc=8 nm 𝑇m
0 (K) γe =12.5 mN/m 𝑇m
0 (K) 
γe=10.0 mN/m 304.0 lc=6 nm 293.3 
γe=12.5 mN/m 300.0 lc=8 nm 300.0 
γe =15.0 mN/m 296.0 lc=10 nm 304.0 












Fig. 4. Analytical results of the stored strain of crystalline phase (εs,c) as a function of 
temperature, heating rate at about 5 K/min. (a) Analytical curve of stored strain (εs,c) as a 
function of temperature at γe=10.0 mN/m, 12.5 mN/m, 15.0 mN/m and 17.5 mN/m. (b) 












s,c = 0 
e =12.5 mN/m







 lc=6 nm 
 lc=8 nm
 lc=10 nm 
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 e =10.0 mN/m
 e =12.5 mN/m
 e =15.0 mN/m
 e =17.5 mN/m
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Analytical curve of stored strain (εs,c) as a function of temperature at lc=6 nm, 8 nm, 10 nm 
and 12 nm. 
Experimental data of PCL semi-crystalline SMPs (reported in Ref. [Scalet et al., 2018]) 
were then used to further verify the results obtained using the newly proposed model. The 
values of the parameters in the calculation using equation (17) are summarized in Table 3, 
where γe=10.0 mN/m and lc=10 nm. Fig. 5(a) illustrates the dynamic confinements 
mechanisms of amorphous and crystalline phases in the semi-crystalline SMP undergoing 
melting and crystallization transitions, respectively. The difference in melting and 
crystallization of crystalline phase is originated from their interfacial confinements with 
the amorphous phase, i.e., melt-crystal and amorphous-crystal confinements in melting and 
crystallization transitions, respectively. As plotted in Fig. 5(b), the volume fraction of 
crystalline phase (φc) of PCL-2 SMP is decreased from 23.08% to 0.99% with an increase 
in temperature from 233.4 K to 299.6 K. These analytical and experimental results reveal 
that the Tm and Tc of PCL-2 SMP are 299.6 K and 259.2 K, respectively.  
Table 3. Values of parameters used in equation (17) for PCL semi-crystalline SMP. 
  Kmax 𝑇m
0 (K) ΔHf (MJ/m3) D(K) 
PCL-2 
Heating 0.05 299.56 5.99 
18.447 
Cooling 0.01 259.20 30.30 
PCL-3 
Heating 0.145 318.34 5.99 
Cooling 0.145 297.59 30.30 
On the other hand, the volume fraction of crystalline phase (φc) of PCL-3 SMP is 
decreased from 37.12% to 0.83% with an increase in temperature from 263.6 K to 311.9 
K, where the Tm and Tc of PCL-3 SMP are 311.9 K and 284.1 K, respectively, as shown in 
Fig. 5(c). These analytical and experimental results reveal that both the Tm and Tc of PCL 
SMPs have been significantly increased with an increase in the volume fraction of 
crystalline phase (φc). However, the difference in Tm and Tc is decreased from 40.4 K (for 
PCL-2) to 37.8 K (for PCL-3) with an increase in the φc. The reason accounts for it is the 
interfacial confinement effect of the amorphous phase is decreased with the increase of the 
φc, resulting into the interfacial confinements between two phases therefore decreased. 
Finally, the divergences between the analytical and experimental results are calculated 
based on the correlation index (R2), of which the values are 99.46% and 99.38% for PCL-
2 SMP in the heating and cooling processes, respectively, as well as 98.66% and 99.38% 
for PCL-3 SMP in the heating and cooling processes, respectively, as shown in Fig. 5(d). 
Clearly, the obtained analytical results using our newly proposed model fit well with the 
experimental ones of PCL SMPs [Scalet et al., 2018]. 
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Fig. 5. Analytical and experimental results [Scalet et al., 2018] of volume fraction (φc) as 
a function of the temperature for PCL SMPs, heating or cooling rate at about 2 K/min. (a) 
Schematic illustrations of dynamic confinements of melt-crystal-amorphous interfaces. (b) 
For the supercooled regime in PCL-2 SMP. (c) For the supercooled regime in PCL-3 SMP. 
(d) Divergences of the analytical and experimental results. 
During the melting transition, the stored strain of semi-crystalline SMP (εs) is composed 
of both the crystalline phase (εs,c) and pre-stretch (εs0), i.e., εs=εs,c+εs0, as the glass transition 
had been completed before melting transition. Therefore, the stored strain of melting 
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To understand the effect of melting transition on the stored strain in semi-crystalline 
SMP, equation (18) was applied to predict the stored strain results of a semi-crystalline 
SMP: PEVA-BPO (PEVA: poly (ethylene-co-vinyl acetate); BPO: benzoyl peroxide) [Hui 
et al., 2020]. The obtained theoretical results are shown in Fig. 6. Values of parameters 
used in equation (18) during calculation are listed in Table 4, where γe=12.0 mN/m, lc=12 
nm and ΔHf=5.99 MJ/m3. The PEVA with 4 wt% BPO, 6 wt% BPO and 8 wt% BPO are 
named as PEVA-B4, PEVA-B6 and PEVA-B8, where the volume fractions of crystalline 
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phase (φc) are 14.13%, 13.94% and 13.38%, respectively [Hui et al., 2020]. Fig. 6(a) shows 
that the proposed model can well predict the experimental results. By increasing the 
volume fraction of BPO from 4 wt%, 6 wt% to 8 wt%, the Tm is then decreased from 353 
K, 350 K to 348 K, which is mainly contributed to the decrease in volume fraction of PEVA 
crystalline phase. With a lower volume fraction of PEVA, less thermal energy is needed 
for the melting transition in semi-crystalline SMP. Therefore, the melting transition is 
triggered at a lower temperature, resulting into a decreased value of Tm. Furthermore, the 
divergences between the analytical and experimental results are calculated based on the 
correlation index (R2), and the obtained results are 95.75%, 98.78% and 98.39% for PEVA-
B4, PEVA-B6 and PEVA-B8, respectively, as shown in Fig. 6(b). These results indicate 
that good agreements between the analytical and experimental results have been achieved, 











Fig. 6. Analytical results of equation (18) and experimental data [Hui et al., 2020] of stored 
strain as a function of the temperature for the PEVA-BPO SMPs, heating rate at about 3 
K/min. (a) For the stored strain-temperature curves. (b) Divergences of the analytical and 
experimental results. 
Table 4. Values of parameters used in equation (18) for PEVA-BPO SMPs. 
 φc(%) Kmax 𝑇m
0 (K) D(K) εs(%) εs0(%) 
εpre,c 
(%) 
PEVA-B4 14.13 0.006 326.17 
24.822 
46.26 40.87 5.39 
PEVA-B6 13.94 0.005 329.17 37.56 30.74 6.82 
PEVA-B8 13.38 0.004 331.17 31.76 24.13 7.63 
3.   Multiple SMEs in semi-crystalline SMP 
The Maxwell principle can be used to describe the storage modulus (E(T)) of semi-
crystalline SMP as follows [Arruda et al., 1993; Treloar et al., 2005], 
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where Ea(T) and Ec(T) are the storage moduli of the amorphous and crystalline phases in a 
semi-crystalline SMP, respectively. 
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where Ea0 is the initial storage modulus of the amorphous phase. 
As reported in Ref. [Ge et al., 2013], the storage modulus of the crystalline phase can be 
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where Ec0 is the initial storage modulus of crystalline phase. 
By substituting equations (20) and (21) into equation (19), the storage modulus of semi-
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Using equation (22), we have calculated the storage modulus of PEVA-BPO semi-
crystalline SMP, and then the analytical results are compared with those experimental data 
reported in Ref. [Hui et al., 2020], as shown in Fig. 7. The input values in equations (20), 
(21) and (22) are φc=22.85% [Hui et al., 2020], Ea0=3 GPa, A0=9.6×10-3, m=1, Fa=2026.80 
J/mol, φa/γ=0.8, αr=0.02831 K-1, αgT0=4.2, Ea0=8520.95 MPa [Hui et al., 2020], Kmax=0.02, 
𝑇m
0=370 K [Hui et al., 2020], D=138.28 K, s*.Δμ=1359.6 kJ/mol [Macedo et al., 1965], 
ra/rc=1.1×105, Rc/r0=0.9, γi=0.75 [Wang et al., 2021] and z=4 [Treloar, 2005]. Fig. 7(a) 
plots the analytical results of the storage modulus as a function of temperature for the 
PEVA-BPO SMP. The experimental data reported in Ref. [Hui et al., 2020] and the 
analytical results were plotted for comparisons. The analytical results obtained from the 
proposed model are in well agreement with the experimental ones. The dynamic storage 
modulus is gradually decreased from 2526.7 MPa to 91.8 MPa due to the glass transition 
of PEVA component from 195 K to 261 K; and then it is further decreased from 91.8 MPa 
to 0.4 MPa due to the melting transition of BPO component range from 261 K to 362 K. 
Moreover, the divergences between the analytical and experimental results are calculated 
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based on the correlation index (R2), of which the values are 97.25% and 82.67%, 
respectively, as shown in Fig. 7(b). These results indicate that the proposed model is 
suitable to predict the experimental results by taking the dynamic confinements of 
amorphous and crystalline phases into consideration during modelling for semi-crystalline 
SMP. 
 
Fig. 7. (a) Comparisons among analytical results using equation (22), using the no-confined 
model, and experimental data [Hui et al., 2020] of the storage modulus as a function of 
temperature, heating rate at about 3 K/min. (b) Divergences of the analytical and 
experimental results. 
On the other hand, the stored strain (εs) is composed of both of the amorphous phase 
(εs,a) and crystalline phase (εs,c) as well as the initially stored strain (εs0), i.e., εs=εs,a+εs,c+εs0, 
when a semi- crystalline SMP undergoes both glass and melting transitions. According to 
the Maxwell principle [Arruda et al., 1993; Treloar et al., 2005], the stored strain of semi-
crystalline SMP (εs) can be obtained based on the equations (10) and (17) as follows, 
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             (23) 
where na and nc are the numbers of the glass and melting transitions in the semi-crystalline 
SMP, respectively. i represents the ith glass transition of the amorphous phase, j represents 
the jth melting transition of the crystalline phase. ta,i and tc,j are the starting times of the ith 
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glass transition and jth melting transition, respectively. τ0,a,i and τ0,c,j are the relaxation times 
of the ith glass transition of amorphous transition and jth melting transition, respectively.  
The experimental results for two types of semi-crystalline SMPs, e.g., PLLA-PEB 
(PLLA: poly(L-lactic acid); PEB: poly(ethylene-cobutylene)) and PLLA-PEB-PDLA 
(PDLA: poly(D-lactic acid))[Zhou et al., 2018] were used to verify their multiple SMEs 
using our newly proposed model of equation (23).The data for the parameters in the 
calculation using equation (23) are listed in Table 5, where τ0,a=2.241 min, Kmax=0.6 and 
D=18.447 K. The obtained results are shown in Fig. 8.  
The analytical results and experimental data [Zhou et al., 2018] show that a dual-SME 
has been achieved in the PLLA-PEB SMP, which undergoes sequential glass and melting 
transitions of PLLA phase, as shown Fig. 8(a). During the two-step shape recovery 
behavior, the stored strain is initially decreased from 82.34% to 28.87% in the temperature 
range from 293.5 K to 328.5 K owing to the glass transition of PLLA. Then it is decreased 
from 28.87% to 3.57% in the temperature range from 328.5 K to 363.5 K owing to the 
melting transition of PLLA. The PLLA-PEB SMP takes 16.1 minutes to complete the first-
step shape recovery, and then it takes 22 minutes to complete the second-step shape 
recovery. Meanwhile, the divergences between the analytical and experimental results of 
PLLA-PEB SMP are calculated based on the correlation index (R2), of which the values 
are 98.51% and 94.29%, respectively, as shown in Fig. 8(b). 
Furthermore, equation (23) is used to predict the triple-SME in PLLA-PEB-PDLA SMP. 
As shown Fig. 8(c), both the analytical results and experimental data [Zhou et al., 2018] 
show that a triple-SME has been achieved in the PLLA-PEB-PDLA SMP, which undergoes 
sequential glass and melting transitions of PLLA phase, and then the melting transition of 
PDLA phase. A three-step shape recovery behavior has been revealed, where the stored 
strain is initially decreased from 72.55% to 41.25% in the temperature range from 293.5 K 
to 333.5K owing to the glass transition of PLLA. And then it decreased from 41.25% to 
24.64% in the temperature range from 333.5K to 363.5K owing to the melting transition 
of PLLA. Finally, it decreased from 24.64% to 4.60% in the temperature range from 
363.5K to 403.5K owing to the melting transition of PDLA. The PLLA-PEB-PDLA SMP 
takes 15.4 minutes to complete the first-step shape recovery, and then it takes 16.8 minutes 
to complete the second-step shape recovery. Finally, it takes 17.5 minutes to complete the 
third-step shape recovery. The divergences between the analytical and experimental results 
of PLLA-PEB-PDLA SMP are calculated based on the correlation index (R2), which are 
99.64% and 95.66%, as shown in Fig. 8(d). 
Table 5. Values of parameters used in equation (23) for PLLA-PEB and PLLA-PEB-
PDLA SMPs. 
 εpre,a(%) εpre(%) ε0(%) ta(min) tc(min) Tm (K) 





18.60 166.84 395.8 
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Fig. 8. (a) Comparisons among analytical results using equation (23), using the no-confined 
model, and experimental data [Zhou et al., 2018] of the storage modulus as a function of 
temperature for PLLA-PEB SMP undergoing two-step shape recovery, heating rate at 
about 10 K/min. (b) Divergences of the analytical and experimental results, where the 
correlation index are R2=98.51% and R2=94.29%. (c) Comparisons among analytical 
results using equation (23), using the no-confined model, and experimental data [Zhou et 
al., 2018] of the storage modulus as a function of temperature for PLLA-PEB-PDLA SMP 
undergoing three-step shape recovery, heating rate at about 10 K/min. (d) Divergences of 
the analytical and experimental results, where the correlation index are R2=99.64% and 
R2=95.66%. 
4.   Conclusion 
In this study, a dynamic confinement model was firstly developed to describe the multiple 
SMEs in semi-crystalline SMP. A confinement entropy model is initially formulated to 
investigate the glass transition of amorphous phase, where the dynamic confinement 
signature is proposed using the free volume and its connection to crystalline phase in semi-
crystalline SMP. Moreover, a modified Avrami model is developed to characterize the 
melting transition of the crystalline phase. Furthermore, the sequentially dynamic 
relaxations have been investigated and discussed for the semi-crystalline SMPs, and the 
predictions of their dual-SME and triple-SME have been achieved. The interfacial 
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confinements of melt-crystal and amorphous-crystal have been identified as the driving 
force for the supercooled regime in semi-crystalline SMPs. Finally, the effectiveness of our 
newly proposed model has been verified by the experimental data of semi-crystalline 
SMPs, including DGEBA-NGDE/PCL, PCL, PEVA-BPO, PLLA-PEB and PLLA-PEB-
PDLA reported in the literature. This study aims on a new mechanism of the dynamic 
confinement and also critical insights into the cooperative principle of coexisting 
amorphous and crystalline phases in the semi-crystalline SMP towards multiple SMEs. 
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